The Medicago truncatula line 2HA has a 500-fold greater capacity to regenerate plants in culture by somatic embryogenesis than wild-type Jemalong. We have compared proteomes of tissue cultures from leaf explants of these two lines. Both 2HA and Jemalong explants were grown on media containing the auxin 1-naphthaleneacetic acid and the cytokinin 6-benzylaminopurine. Proteins were extracted from the cultures at different time points (2, 5, and 8 weeks), separated by two-dimensional gel electrophoresis, and detected by silver staining. More than 2,000 proteins could be reproducibly resolved and detected on each gel. Statistical analysis showed that 54 protein spots were significantly (P , 0.05) changed in expression (accumulation) during the 8 weeks of culture, and most of these spots were extracted from colloidal Coomassie-stained two-dimensional gel electrophoresis gels and were subjected to matrix-assisted laser desorption ionization time-of-flight mass spectrometry or liquid chromatography-tandem mass spectrometry analysis. Using a publicly available expressed sequence tag database and the Mascot search engine, we were able to identify 16 differentially expressed proteins. More than 60% of the differentially expressed protein spots had very different patterns of gene expression between 2HA and Jemalong during the 8 weeks of culture.
Plants must coordinate the growth of root and shoot meristems to maintain an appropriate balance of root and shoot organs and to respond and adapt to various environmental conditions. This balance is achieved by an intermeristem coordination of growth and development of the plant and involves the interplay of several long-range signals (Wopereis et al., 2000; Jiang and Gresshoff, 2002; Searle et al., 2003) . Somatic (or asexual) embryogenesis (SE) is the process whereby somatic cells differentiate into embryos and ultimately into plants via a series of characteristic morphological stages, particularly the later stages, which resemble the zygotic stages of development (Zimmerman, 1993; Schmidt et al., 1997) . SE is the developmental restructuring of somatic cells toward the embryogenic pathway and forms the basis of cellular totipotency in higher plants (Nolan et al., 2003; Imin et al., 2004) . Two experimental approaches are available to examine this process in detail: (1) leaf cells grown in culture from protoplasts to form calli and, subsequently, the generation of embryos and then the development of plants (Rose and Nolan, 1995) ; and (2) leaf explants, which form calli in culture, and the concomitant production of embryos and vascular tissues. Depending on the plant system, auxin and/or cytokinin are required to enable embryogenesis to occur in culture (Schmidt et al., 1997; Somleva et al., 2000; Baudino et al., 2001; Hecht et al., 2001) . In Medicago truncatula (Australian barrel medic), Nolan et al. (2003) found that embryogenesis required both auxin and cytokinin addition, although some embryos could form on cytokinin alone.
The first appearance of embryos from mesophyll protoplasts occurs between 8 to 9 weeks in M. truncatula and has a reasonable degree of synchrony, thus enabling a developmental study of the molecular changes taking place in the dividing cells. This meristematic system has ideal attributes: the regenerative capacity of the mutant line 2HA, which is 500-fold more embryogenic than its isogenic line Jemalong, and access to a developing genome sequence. We are using this system to investigate meristematic growth and differentiation in culture and have identified differentially expressed proteins during the first developmental stages of SE (Imin et al., 2004) . The second experimental system, that of leaf explant tissue culture, has the advantage of being able to manipulate the type of differentiating cells observed by changing the phytohormones added to the culturing media (Schmidt et al., 1997; Nolan et al., 2003; Thomas et al., 2004) , and embryos are initiated more rapidly in 4 to 6 weeks (Nolan et al., 1989) .
When both M. truncatula cv Jemalong and 2HA explant tissues are cultured in medium with addition of auxin alone, they produce numerous roots but no embryos (Nolan et al., 2003) . On media containing both auxin and cytokinin, the 2HA explants form embryos. Generally, cultivar Jemalong does not form embryos but does produce early vascularization in the calli. The pasture legume M. truncatula is one of the model systems for the analysis of the unique biological and fundamental processes governing legume biology. Recent genomic tools, advanced DNA sequencing programs, and expressed sequence tag (EST) libraries have been developed for this legume, and a number of researchers have taken advantage of these resources and initiated the establishment of proteome reference maps for M. truncatula tissues, roots, leaves, flowers, seeds, cell cultures, and SE cultures (Mathesius et al., 2001; Bestel-Corre et al., 2002 Gallardo et al., 2003; Watson et al., 2003; Imin et al., 2004; Valot et al., 2004) . Most of these studies used a combination of two-dimensional gel electrophoresis (2-DE) and matrix-assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-MS). Collectively, these maps provide a basis for future comparative investigations of plant-microbe interactions and developmental biology in M. truncatula. In the study by Mathesius et al. (2001) , proteins from root extracts were separated on 2-DE gels, yielding reproducibly 2,500 proteins per gels. More than 200 root (Mathesius et al., 2001 ) and 100 leaf proteins have been identified by peptide mass fingerprinting using the M. truncatula EST or tentative cluster (TC) databases for reliable identification of the proteins. A database of identified proteins has been compiled (http://semele. anu.edu.au/2d/2d.html). This proteome reference map was used to test against the proteomes of related legumes (Mathesius et al., 2002) and to evaluate proteome reference maps for somatic embryonic tissues of M. truncatula (Imin et al., 2004) .
Thus, analyses of gene expression during SE can provide information about the earlier stages of plant development (Zimmerman, 1993) . Two-dimensional gel electrophoresis-based proteomic approaches have been applied to investigate molecular changes during SE in several species (Choi and Sung, 1984; Gianazza et al., 1992; Reinbothe et al., 1992; Boyer et al., 1993; Pedroso et al., 1995; Yoshida et al., 1995; Dodeman and Ducreux, 1996; Giroux and Pauls, 1996; Dodeman et al., 1998; Sallandrouze et al., 1999) with limited success. Large-scale transcription analyses of embryogenesis have also been reported in several species (Giroux and Pauls, 1997; van Zyl et al., 2002 van Zyl et al., , 2003 Stasolla et al., 2003; Thibaud-Nissen et al., 2003; Stasolla et al., 2004) .
Numerous genes have been identified as specifically expressed during SE (Mordhorst et al., 1997; Chugh and Khurana, 2002; Fehér et al., 2003) . These genes include hormone-responsive genes such as auxininducible genes (Walker and Key, 1982) , late embryo abundant genes (Yang et al., 1997) , calmodulin (Overvoorde and Grimes, 1994) , calcium-dependent/ calmodulin-independent protein kinases (Lindzen and Choi, 1995) , calmodulin-like protein kinases (Davletova et al., 2001) , SERK genes (Schmidt et al., 1997; Nolan et al., 2003; Thomas et al., 2004) , homeobox-containing genes (Kawahara et al., 1995; Meijer et al., 1997) , chitinases (De Jong et al., 1992) , arabinogalactans (Baldwin et al., 2001) , lipid transfer proteins (Sterk et al., 1991) , WUSCHEL (Zuo et al., 2002) , BABY BOOM (Boutilier et al., 2002) , and LEAFY COTYLE-DON genes (Meinke, 1992; Meinke et al., 1994) , to name a few. As yet, little is known about the induction and maintenance process of the genes involved in the SE processes.
In this study, we have used leaf explant tissues of 2HA and Jemalong to investigate the protein profiles and their changes during embryo induction and formation.
RESULTS

Changes in Protein Expression Profiles during the Course of Tissue Culture and Embryo Formation
Leaf explants of the highly embryogenic M. truncatula seed line 2HA and its near isogenic line Jemalong were cultured on media containing 1-naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BAP) for 2, 5, and 8 weeks. A schematic diagram of tissue culturing and sampling for proteomic analysis is shown in Figure 1A . At 2 weeks, there were no visible differences between the 2HA and Jemalong. After 5 weeks in culture, embryos began to emerge from 2HA tissue. At 8 weeks, there were numerous embryos (Fig.  1 , B and C) in the highly embryogenic line 2HA. By contrast, the Jemalong explants rarely formed embryos (Fig. 1, A and B) .
Total proteins were extracted from leaf explants of both 2HA and Jemalong at 2, 5, and 8 weeks and analyzed by 2-DE (Fig. 2) . Melanie 4 image analysis of the gels revealed that more than 2,000 proteins were reproducibly resolved in silver-stained gels over a pH range of 4 to 7 and a size range of 8 to 120 kD. Silverstained gels were used for the comparisons and quantitative analysis. To compare proteome patterns of Jemalong and 2HA at three time points (2, 5, and 8 weeks), the gels were compared to one another, and the protein spots that showed changes were recorded. Selected parts of the gels are highlighted in Figure 3 to show the comparisons of the protein spots. While the majority of the protein spots (more than 90% of the total spots) did not show any change, we determined by inspection more than 200 spots as changed between 2HA and Jemalong at three time points, and these spots were selected for further quantitative analysis. Statistical analysis showed that only 54 protein spots were changed significantly (P , 0.05). Representative graphs for the mean percentage volumes (%Vol) of each of these spots are given in Tables I and II . Some proteins (d147, d154, d41, d96, d139, d140, and d141) had a similar trend of expression between Jemalong and 2HA during 2 to 8 weeks of tissue culture, but the level of expression of these proteins was significantly different. By contrast, many proteins (60%) had a different pattern of expression between Jemalong and 2HA. Some proteins (d11, d149, and d110a) changed little in Jemalong during culture but changed significantly in 2HA. For example, d11 was expressed at a minimum level in Jemalong throughout the 8 weeks of culture. However, it was highly expressed at 2 weeks in 2HA, decreased to almost one-half at 5 weeks, and became undetectable at 8 weeks. d104 had similar expression in Jemalong. By contrast, d104 had low levels of expression at 2 weeks, gradually increased at 5 weeks, and accumulated to a maximum at 8 weeks in 2HA. Some proteins (d132, d153, d45, and d80) showed little change in 2HA, but either increased (d132, d153, and d45) or decreased (d80) in Jemalong. Expression of some proteins (d110a, d6, and d26) was reversed in Jemalong and 2HA. For example, d6 and d26 were increased in Jemalong but decreased in 2HA during culture. d110b expression was increased at 5 weeks and then decreased at 8 weeks in Jemalong, whereas its expression decreased at 5 weeks and then increased at 8 weeks in 2HA. Some proteins (d81 and d148) only expressed in 2HA but were not detected in Jemalong. Due to the complexity of the protein expression in culture, it was difficult to classify these expressions in a small number of subgroups in respect to a Jemalong and 2HA comparison.
Many of these proteins (85%) were analyzed by MALDI-TOF-MS, or by tandem MS (MS/MS) if they could not be matched to the identified proteins in the proteome reference map of M. truncatula embryogenic cultures (Imin et al., 2004) , and 16 proteins were identified with high confidence as shown in Table I . As expected, Rubisco small chain proteins (spots d139, d140, and d141; Fig. 3 ) were gradually decreased in both Jemalong and 2HA during explant cultures, which originated from the young leaves. A similar decreasing trend also was observed for an aminocylase (spot d94) and a thioredoxin H (Trx H)-type protein (d74; Fig. 3 ). Also, as expected, proteins known to be involved in seed formation were expressed only the 8-week-old cultures of the highly embryogenic 2HA line but not in Jemalong. These included a seed maturation protein (d148; Fig. 3 ) and a vicilin protein (d87). Chaperone proteins (dnaK-type hsp70, spot d47a, and luminal binding proteins d47b, d48b, and d49) showed a decrease in the 8-week cultures in both Jemalong and 2HA, although their expression levels were different. Spot d104 (Fig. 3 ) was identified as a 1-Cys peroxiredoxin (Prx), which increased to a high level at 8 weeks in 2HA. Interestingly, all the matching M. truncatula ESTs to 1-Cys Prx were only found in the developing reproductive tissues and in the late-stage developing seeds.
DISCUSSION
Comparison of Jemalong and 2HA Responses to Phytohormones
The mutant line Jemalong 2HA was originally isolated from cultivar Jemalong as a highly regenerable seed line that formed embryos at 500-fold more than its near isogenic parent line Jemalong (Nolan et al., 1989; Rose and Nolan, 1995) . The resultant plants breed true for this greatly increased embryo formation in culture and, thus, the line 2HA was a valuable resource for legume regeneration (Rose et al., 1999) . The regeneration of plants provides a unique stem cell system for investigating meristem formation in embryogenesis research and plant totipotency. Two experimental approaches are available for these studies: one involving the formation of protoplasts from leaf mesophyll cells and the other using leaf explant tissue cultures. In either case, if the calli are maintained on auxin, then rooting and vascularity occur for both cultivar Jemalong and 2HA cultures. If cultures are maintained on cytokinin alone, then only 2HA will form a few embryos, whereas Jemalong calli make no embryos and slowly turn brown. On media containing both auxin and cytokinin, 2HA forms numerous embryos Jemalong generally does not.
M. truncatula cv Jemalong and its embryogenic mutant 2HA leaf explants showed no morphological differences during the early stages of callus development. However, with continued culturing, 2HA formed embryos and vascular tissue, whereas Jemalong formed only vascular tissues. Thus, there are two clear potential pathways of differentiation that can be investigated with the explant system. During this process, there was a differential gene expression resulting in the synthesis of new mRNAs and proteins, which in turn elicited diverse cellular and physiological responses (Chugh and Khurana, 2002) . SE studies have sought to describe the array of genes that are activated or differentially expressed during the process. Although numerous genes have been identified as specifically expressed during SE (Mordhorst et al., 1997; Chugh and Khurana, 2002) , attempts to identify early embryo control genes have been disappointing (Boutilier et al., 2002) . In our system, both NAA and BAP are needed for embryogenic callus formation and maximum embryogenesis; NAA or BAP alone is not sufficient. In the presence of NAA, root differentiation occurs from the proliferating calli. In the presence of auxin and cytokinin, 2HA proliferating calli differentiate into many somatic embryos. As a result of these interactions, developmentally regulated and Tables I and II . First-dimension focusing used 24-cm IPG strips with a linear pH gradient 4 to 7 loaded with 150 mg of total proteins for each strip. In the second dimension, 12-14%T SDS-PAGE gels were used. Proteins were visualized by silver staining. Two regions are enlarged in Figure 3 . differentially expressed proteins have been detected and identified during the formation of embryos by applying the 2-DE-based proteomics approach.
Comparison of Proteomes of Protoplast and Leaf Explant Cultures
Some comparisons can be made between the proteome at the globular phase of mesophyll protoplasts grown in culture (Imin et al., 2004 ) and our results with leaf explant culture. The 2, 5, and 8 weeks of the leaf explant cultures approximate to the 40, 60, and 80 d of the protoplast-derived cultures. The 60-d-old cultures were largely at the globular stage of SE. Interestingly, very early in both experimental systems, the PR10 group of proteins appeared to be the most abundant. While these proteins were first described as pathogenesis-related proteins, they probably have key roles in many plant developmental programs and biotic and abiotic stress responses (Hashimoto et al., 2004) . Alternatively, they play a role in phytohormone homeostasis, as they were found to bind cytokinin and brassinosteroids and might thus provide a cellular mechanism to regulate the active cytokinin pool in the cell (Bujacz et al., 2003; Markovic-Housley et al., 2003) . Since PR10-1 also is inducible by auxin (Poupard et al., 2001 ) and both auxin and cytokinin are involved in triggering embryo formation, PR10-1 might be a good candidate protein that mediates phytohormone responses in the cell.
Proteomic Analysis Identified Differentially Expressed Proteins
Proteomic analysis of explant cultures in Jemalong and 2HA identified 54 proteins that are differentially expressed. Although the majority of these differentially displayed proteins were analyzed by MS or by gel matching to the proteome reference map of M. truncatula embryogenic culture (Imin et al., 2004) , only 16 proteins were identified with high confidence (Table I ). The low percentage of identification was due to either the low abundant nature of the proteins, the poor signal generated from the MS analysis, the possible heavy posttranslational modifications of MSsuitable peptides, or the limitation of the databases used for matching. The major database used for searches was the The Institute for Genomic Research (TIGR) M. truncatula gene index, containing 17,610 TCs and 19,376 singletons (http://www.tigr.org/), which is estimated to represent less than 40% of the expressed genome. It is quite likely that some of the proteins analyzed may not be in the public domain yet. We are establishing a proteome database of M. truncatula SE, and any further identification will be deposited into the publicly available database at http:// semele.anu.edu.au/2d/2d.html as part of our ongoing effort. Among the identified proteins, Rubisco small chain proteins (spots d139, d140, and d141; Fig. 3 ) were gradually decreased in both Jemalong and 2HA during explant cultures, which originated from the young leaves. As such, the decreased trend of Rubisco small chain proteins can be used as a marker for the dedifferentiation and proliferation of the mesophyll tissues. Two of the most abundant proteins were an abscisic acid (ABA)-responsive protein with homology to the pathogenesis-related protein PR10-1 and PR10-1 itself (data not shown) in both Jemalong and 2HA. They were not detected in the young leaves from which the explant cultures originated. Interestingly, they changed little throughout the 8 weeks of culture, suggesting a general role for ABA-responsive proteins and PR10 proteins in cell maintenance or cell defense. Chaperone proteins (dnaK-type hsp70, spot d47a, and luminal binding proteins d47b, d48b, d49), in general, showed a decrease in the 8-week-old cultures in both Jemalong and 2HA, although their expression levels were different. This may imply that a higher level of expression of the chaperones is required for the maintenance of cells during early culture. We also identified proteins involved in seed formation as Figure 2 to highlight some of the differentially expressed protein spots. Note the differentially expressed protein spot d148 is on the left panel, and spots d74, d139, d140, and d141 are on the right panel. These images were captured from the annotated gels in Melanie 4.
expressed only in the highly embryogenic 2HA of 8-week-old cultures. These include a seed maturation protein (d148; Fig. 3 ) and a vicilin (d87). A recent study in M. truncatula showed an increase in accumulation of seed storage proteins, including vicilins, during seed development (Gallardo et al., 2003) . SE closely resembles the zygotic embryogenesis, and our approach of inducing embryogenesis in 2HA is a valid comparison of the two systems.
Thioredoxin H Expresses Early in Development
One of the most interesting proteins identified in both studies of proteomic analysis of SE using mesophyll protoplasts (Imin et al., 2004 ) and explant cultures was Trx H (spot d74; Fig. 3 ). It appeared early in both protoplast and explant cultures and became undetectable at later stages of cell proliferation. In contrast with Rubisco small chain proteins, which expressed in leaf tissues, the expression of Trx H was not detected in leaf tissue or isolated protoplasts (data not shown), suggesting it is induced only after putting the tissues in culture. There was a higher expression in 2HA than in Jemalong in this early induction process. This MtTrx H protein is highly homologous (71% identical) to the Arabidopsis (Arabidopsis thaliana) ah1 protein, which belongs to the subgroup 1 of the plant Trx H family. The members of the Trx H group are encoded by Table I . Identified M. truncatula proteins whose expression levels changed between Jemalong and 2HA during 2, 5, and 8 weeks of tissue culture Each entry contains an identifier/spot name, which corresponds to the protein spots marked in Figures 2 and 3 . Graphical representation of relative expression (%Vol) is given for each protein spot that showed significant differences between treatments. The columns in the graphs from left to right are: Jemalong 2 weeks (white), 2HA 2 weeks (shaded), Jemalong 5 weeks (white), 2HA 5 weeks (shaded), Jemalong 8 weeks (white), and 2HA 8 weeks (shaded). For each comparison, the P value, the highest %Vol of the six treatments (H%V), and the LSD are given. The P value is from the significant difference between treatments. The pI and relative molecular mass (MM; kD) were calculated from the position on the 2-DE gel. Each entry also contains the best-matching TC identifier (www.tigr.org), the MOWSE score, the number of matched peptides, the percentage of sequence coverage of the match, and the predicted pI and calculated molecular mass (MM; kD) of the protein encoded by the best-matching gene. See ''Materials and Methods'' for details. a multigenic family of eight genes in Arabidopsis (Reichheld et al., 2002) . The Trx H group is ubiquitous proteins, which regulate a myriad of posttranscriptional biological functions in eukaryotic cells and are involved in reserve breakdown that sustains early seedling growth (Gelhaye et al., 2004) . The reduction of the first subgroup of Trx H is mediated by NADPHthioredoxin reductase, and many of these reactions take place in specific cells and play a role in the redox regulation of components of the vascular tissues (Gelhaye et al., 2004) . The Trx H group of proteins is involved in a wide scope of biological functions, acting as cofactors, transcription regulators, protein binding regulators, protein folding catalysts, growth factors, Table II . Unidentified M. truncatula proteins whose expression levels changed between Jemalong and 2HA during 2, 5, and 8 weeks of tissue culture Each entry contains an identifier/spot name, which corresponds to the protein spots marked in Figure 2 . Graphical representation of relative expression (%Vol) is given for each protein spot that showed significant differences. The columns in the graphs from left to right are: Jemalong 2 weeks (white), 2HA 2 weeks (shaded), Jemalong 5 weeks (white), 2HA 5 weeks (shaded), Jemalong 8 weeks (white), and 2HA 8 weeks (shaded). For each comparison, the P value, the highest %Vol of the six treatments (H%V), and the LSD are given. The pI and relative molecular mass (MM; kD) were calculated from the position on the 2-DE gel. and antioxidants. In SE formation from explant cultures, MtTrx H was reduced in expression at 5 weeks and could not be detected in the 8-week-old cultures in 2HA. Similarly, it was present in the vegetatively growing cultures from protoplasts but could not be detected in late globular phase cultures (Imin et al., 2004 ; N. Imin, F. de Jong, U. Mathesius, R.J. Ray, and B.R. Rolfe, unpublished data). These results suggest that MtTrx H plays an important role during early stages of commitment from the vegetative stage to a pathway of cellular differentiation and proliferation.
Expression Pattern of 1-Cys Peroxiredoxin Implies a Role in Embryogenesis
Another interesting protein found in this study is the 1-Cys Prx. As described in ''Results,'' the expression of 1-Cys Prx (d104; Fig. 3) remained at a minimum level in Jemalong during 8 weeks of culture. By contrast, it showed a slight increase at 5 weeks before reaching a much higher level of expression at 8 weeks in the highly embryogenic line 2HA. All the matching M. truncatula ESTs to 1-Cys Prx (d104) were only found in cDNA libraries of developing reproductive tissues and late-stage developing seeds. Prx are thioldependent antioxidants containing one (1-Cys) or two (2-Cys) conserved Cys residues that protect lipids, enzymes, and DNA against reactive oxygen species (Lim et al., 1993; Chae et al., 1994; Netto and Stadtman, 1996; Baier and Dietz, 1997) . In plants, antioxidant activity has been demonstrated for the 2-Cys BAS1 (Baier and Dietz, 1997) and the 1-Cys PER1 (Stacy et al., 1996) of barley (Hordeum vulgare). Transgenic plants overexpressing the rice (Oryza sativa) 1-Cys Prx (R1C-Prx) exhibit higher resistance to oxidative stress, suggesting antioxidant activity (Lee et al., 2000) . The plant 1-Cys Prx genes pBS128 from brome grass (Goldmark et al., 1992) , Per1 in barley (Aalen et al., 1994) , AtPER1 in Arabidopsis (Haslekas et al., 1998) , and FePer1 in buckwheat (Fagopyrum esculentum; Lewis et al., 2000) are expressed in developing seeds. Recently, Haslekas et al. (2003b) reported that the seed 1-Cys Prx antioxidant AtPER1 is not involved in dormancy but contribute to inhibition of germination during stress.
In mature barley embryos, Per1 transcript levels increase upon addition of exogenous ABA (Aalen et al., 1994) . Per1 also is responsive to salt stress in an ABA-dependent manner but to mannitol in an ABAindependent manner (Espelund et al., 1995) . In the ABA-insensitive abi3-1 mutant, the AtPER1 transcript level is strongly reduced, suggesting ABI3, a transcription activator, to be a prime regulator of AtPER1 (Haslekas et al., 2003a ). An AtPER1::b-glucuronidase expression study showed the AtPER1 promoter drives stage-and tissue-specific expression during embryo and endosperm development, with the earliest expression detected at the late globular stage in a region of the chalazal endosperm termed the chalazal cyst, and at a later stage embryonic AtPER1::b-glucuronidase increased greatly (Haslekas et al., 2003a) . In our tissue culture study, we transferred both Jemalong and 2HA calli after 3 weeks of culture to the media to which 1 mM ABA was added to improve embryo formation (see ''Materials and Methods''). We did not observe any obvious increase in 1-Cys Prx (d104) expression upon addition of exogenous ABA in Jemalong (Table I) . However, 2HA responded with a slight increase at 5 weeks (that was 2 weeks after transferring to media that contained 1 mM ABA) and with a significantly high level of expression at 8 weeks. We propose that 1-Cys Prx is mainly associated with embryo development rather than with a simple response to exogenous ABA.
The genetic mutation(s) of the hyperembryogenic line 2HA is not known, nor are the molecular processes that lead to the SE. We have applied proteomic analyses successfully to dissect molecular processes of an unknown genotype with a known phenotype and detected 53 proteins spots as differentially displayed between hyperembryogenic M. truncatula line 2HA and its near isogenic line Jemalong during 8 weeks of culture. We identified 16 proteins (e.g. Trx H and 1-Cys Prx) associated with SE. This proteomic data will provide a strong reference for the SE of M. truncatula at the protein level.
MATERIALS AND METHODS
Chemicals
All chemicals used were of the highest obtainable grade and are outlined in Guerreiro et al. (1997) and Imin et al. (2001) unless indicated. Milli-Q quality water (Millipore, Bedford, MA) with resistance of greater than 18 MV cm was used throughout.
Plant Materials, Growth, and Tissue Culture
Medicago truncatula cv Jemalong and a highly regenerable seed line 2HA, which was derived from cultivar Jemalong (Nolan et al., 1989; Thomas et al., 1990; Rose et al., 1999) , were used for the plant growth explant tissue culture as described (Nolan and Rose, 1998; Nolan et al., 2003) . Seeds of M. truncatula cv Jemalong were obtained from the National Medicago Collection (Northfield Research Laboratories, Adelaide, Australia). The basal medium used for the culture was P4, which is based on Gamborg's B5 medium as described by Thomas et al. (1990) . In the usual culture procedure, leaf explants were plated onto P4 medium containing 10 mM NAA and 4 mM BAP (P4 10:4) for 3 weeks and then transferred to P4 medium with 10 mM NAA, 4 mM BAP, and 1 mM ABA (P4 10:4:1) with subculture to fresh P4 10:4:1 medium every 4 weeks. Cultures were incubated in the dark. This culture procedure has been optimized to maximize embryo number and quality in 2HA cultures (Nolan and Rose, 1998; Nolan et al., 2003) .
Extraction of Explant Culture Proteins
Before extraction, several explant cultures of each of the different time points and hormone treatments were pooled together to make an approximately 400-mg sample for each repeat. The extraction procedure was the same as described previously (Imin et al., 2001 (Imin et al., , 2004 . The protein concentration of the supernatant was determined by the Bradford assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. The supernatants were stored in aliquots at 280°C or directly loaded for isoelectric focusing.
Two-Dimensional Gel Electrophoresis
Two-dimensional gel electrophoresis was carried out in a horizontal electrophoresis system, Multiphor II (APB, Uppsala) as described previously (Imin et al., 2001 (Imin et al., , 2004 .
Proteins on analytical and preparative 2-DE gels were visualized by silver and colloidal Coomassie blue staining, respectively, as described (Imin et al., 2001 (Imin et al., , 2004 . Stained gels were scanned at 600-dpi resolution using a UMAX ASTRA-2400S scanner fitted with a UTA-II transparency adapter under Photoshop 7.0 (Adobe Systems, Mountain View, CA). Silver-stained gels were scanned using transparency mode, whereas Coomassie-stained gels were scanned using reflective mode with an opaque white background. Spot detection was performed with Melanie 4 (Swiss Institute for Bioinformatics, Geneva). The spot detection parameters were optimized by checking all different protein spots (big, intense, small, and faint) in certain regions of the gels. To identify differentially expressed (accumulated) proteins, first the gels were compared to one another by eye, and spots that changed were recorded. Then, all these protein spots were quantified, and the %Vol were recorded for each spot using the Melanie 4 program. The %Vol is the volume of a spot divided by the total Vol over the whole gel, where the Vol is the integration of intensity of the spot over the spot area. As such, %Vol can be used to minimize the gel-to-gel variations. The %Vol of protein spots were used for statistical analysis using Genstat 7.0 (VSN International, Herts, UK). For quantitative analysis, the %Vol of each spot was quantified using Melanie 4 and analyzed by Genstat 7.0. At least three biological repeats were done for each sample, and at least three reproducible gels were used for the gel analysis. There were substantial variations between the repeats. This is quite different to other proteome analyses we have conducted previously (Imin et al., 2001 (Imin et al., , 2004 Kerim et al., 2003) , in which we observed less variation between the repeats. We think this is due to the nature of tissue culture, where the time course of dedifferentiation and redifferentiation processes are less tightly controlled. As such, we have focused only on protein spots that are consistently changed between the repeats. A restricted maximum likelihood (REML) model was used to determine if there was a statistically significant difference in spot %Vol between treatments. Restricted maximum likelihood is a linear mixed model that uses fixed (treatment) and random (repeat) data to calculate the chisquared statistic, and it can also handle zero values and unbalanced data. All treatments were compared and tests with P ,0.05 were selected and further analyzed by comparing the difference between treatments with the mean LSD calculated from the mean squared error of the means. Where (treatment 1 2 treatment 2) . LSD, it was assumed that the %Vol of the spot varied significantly between treatments.
MALDI-TOF-MS and MS/MS Analysis
Proteins spots were excised from Coomassie-stained polyacrylamide gels, then destained and digested with sequencing-grade modified trypsin (Promega, Madison, WI). MALDI-TOF-MS acquisition was performed by an Omniflex MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). For MS/MS analysis, the selected spots were digested as described above and then analyzed on a Thermo Finnigan ProteomeX Workstation (San Jose, CA).
Database Searching
Searches were mainly done against the M. truncatula gene index database (MtGI release 7; June 2003) that contains approximately 37,000 minimally redundant M. truncatula TC entries downloaded from TIGR Web site (ftp:// ftp.tigr.org/pub/data/tgi/Medicago_truncatula/). The search engine Mascot (Matrix Science, London) was used to search the MtGI database, for which scores greater than 66 are significant (P , 0.05) as described (Imin et al., 2004) .
